ABSTRACT Location of stretch receptors triggering the peristalsis was investigated in the isolated guinea pig ileum. Peristalsis was cyclically induced by perfusing the lumen with Krebs solution flowing at a constant rate. Peristalsis was promptly abolished by serosally applied 3 X 10-7 M tetrodotoxin, 10-4 M lidocaine, 10-6 M morphine or 10-5 M nicotine, confirming the claim that peristalsis was neurally regulated by the myenteric plexus. Intraluminal application of 3 X 10-7 M tetrodotoxin not only blocked the peristalsis, but also inhibited the contractions of the longitudinal muscle elicited by transmural stimulation or 10-4 M nicotine by the same extent as those by serosal tetrodotoxin, suggest ing that the blockade of peristalsis was due to the tetrodotoxin infiltrating into the muscle layer. In con trast, intraluminal application of 0.1% glutaraldehyde or perfusing the lumen with the low NaCI (20 mM)-containing Krebs solution abolished the peristalsis without critically inhibiting the neurogenic con tractions of the longitudinal muscle, indicating that the blockade of peristalsis by these intraluminal treatments was ascribed to the actions on the mucosal layer. These results may imply that stretch recep tors are located in the mucosal layer of the guinea pig ileum, and the impairment of the functions of these receptors by the intraluminal treatments leads to the blockade of the peristalsis.
Peristalsis, or the peristaltic reflex, of the small intes tine propels the chyme by the space and time sequenced contractions of the longitudinal and circular muscle of the gut. Since the studies by Trendelenburg (1) and Baylis and Starling (2) , many studies have indi cated that distention of the intestinal wall served as a triggering stimulus for the peristalsis and reflex contrac tions such as ascending excitatory contraction and de scending inhibitory relaxation (see ref. 3 
for a review).
It is generally agreed that the myenteric plexus plays a key role in neural control of these reflex movements (4) . In contrast, very limited information is available about the cellular structures and mechanisms respon sible for detecting the wall distention. To our knowledge, no paper has been reported describing the structure of sensory neurons or stretch receptors. With insufficient structural information, location of the sensory neurons or the stretch receptors has not been settled (3) .
The present study was undertaken to investigate the site of the stretch receptors with our new method by which effects of drugs, applied serosally or intraluminal ly, on the peristalsis could be separately assessed (5, 6). 
MATERIALS AND METHODS
Methods to induce peristalsis cyclically in the isolated guinea pig ileum have recently been reported by us (5, 6) . In short, a portion of ileum (3 4 cm) taken from male guinea pigs (300 500 g) was horizontally held in a 40-ml organ chamber. After the oral and anal ends of the ileum were connected to the inflow silicon tube and outflow glass cannula, respectively, the lumen was per fused with Krebs solution flowing at the rate of 0.3 0.4 ml/min. With 2 cmH2O pressure loaded on the lu men, peristalsis was cyclically induced approximately twice per min. To evaluate the activity of peristalsis, longitudinal muscle contractions and intraluminal pres sure were recorded with a strain gauge (UL-10GR, Minebea Co., Japan) and a low pressure transducer (LPU-II, Nihon Kohden, Japan), respectively. As de scribed previously (6), the longitudinal muscle contrac tions recorded under the present experimental condi tions were quasi-isotonic contractions, although the magnitudes thereof were expressed as the degree of force (g) in the "Results" section. The Krebs solution in the chamber was exchanged at the rate of 2 ml/min at 35°C and was continuously bub bled with 95%02 and 5% CO2. When effects of sero sally applied drugs on the peristalsis were investigated, the drugs were added to the organ chamber, and the perfusing bathing solution was switched to the drug containing one. In the experiments to determine the contractions of longitudinal muscle in response to elec trical transmural stimulation or 10-4 M nicotine, the loading pressure was reduced to 0 cmH2O so that the peristalsis was ceased while the intraluminal perfusate could freely flow out of the outflow cannula. Electrical stimulation was made with an electric stimulator (SEN 3301, Nihon Kohden, Japan) through a pair of platinum wires placed along the ileum. The stimulation condi tions used were 100 square pulses of 0.2 msec duration delivered at 10 Hz.
Composition of the Krebs solution was as follows: 120 mM NaCl, 2.0 mM CaCl2, 1.0 MM M902, 20.0 mM NaHCO3, 5.0 mM HEPES, 1.0 mM NaH2PO4 and 14.0 mM glucose. In low NaCI Krebs solution, reduction of NaCI was supplemented by sucrose at 2-times the con centration of decremental NaCl. Low chloride Krebs solution was made by replacing 120 mM NaCI with equimolar sodium methanesulfonate. Ca 2± deficient Krebs solution contained 3 mM EGTA in the Krebs solution, in which the concentration of free Ca 2+ was calculated to be around 2 X 10-7 M (7).
Statistical analysis of the contractions of the longitu dinal muscle between before and after the blockade of peristalsis was performed by Student's paired t-test. Analysis of other data was made by the non-paired Stu dent's t-test.
Drugs used were tetrodotoxin (Sigma, U.S.A.), lido caine (Wako, Japan), nicotine tartrate (Wako, Japan), morphine hydrochloride (Takeda, Japan), cocaine hy drochloride (Sankyo, Japan), glutaraldehyde (Ishizu, Japan), and nifedipine (Yodogawa, Japan). Blockade of peristalsis by intraluminal treatments Blockade of peristalsis was also produced by subject ing the mucosal layer to various treatments. Figure 2A shows that peristalsis was stopped within a few minutes by the intraluminal perfusion with the Krebs solution containing 0.1% glutaraldehyde. Similar blockade of peristalsis by glutaraldehyde was observed in all the preparations tested (n = 18). The inhibition by glutaral dehyde was irreversible in that reperfusion with normal Krebs solution up to 60 min did not reinitiate the peri stalsis.
Like serosal application, intraluminal application of tetrodotoxin at 3 X 107 M abolished the peristalsis in a reversible manner as shown in Fig. 2B . Compared with serosal tetrodotoxin, however, intraluminal tetro dotoxin required a longer time to block the peristalsis; 7.0 ± 0.3 min for intraluminal application (n = 17) and 2.5 ± 0.4 min for serosal application (n = 9, P < 0.01).
Perfusion of the lumen with the Krebs solution of which 120 mM NaCl was replaced with 240 mM sucrose also blocked the peristalsis as shown in Fig. 2C . Abol ishment of peristalsis by low NaCl Krebs solution was invariably observed in 16 ileums tested. After the blockade of peristalsis, reperfusion of the lumen with normal Krebs solution restored the peristalsis. In the stepwise decrease of NaCI concentration in perfusing Krebs solution, peristalsis persisted down to 35 mM NaCl. When 120 mM NaCI in the Krebs solution was replaced with equimolar sodium methanesulfonate, in traluminal perfusion with this low chloride Krebs solu tion did not block the peristalsis (n = 7, data not shown).
The fact that the intraluminal treatment with tetro dotoxin or low NaCl Krebs solution inhibited the peri stalsis suggested the involvement of neural conduction inside the mucosal layer in the peristalsis. Hence, effects of intraluminal lidocaine on the peristalsis were investigated. As shown in Fig. 2D , application of lido caine up to 104 M did not block the peristalsis. Similar failure to inhibit the peristalsis was observed with another local anesthetic, 10-4 M cocaine (data not shown).
Intraluminal treatments with Cat deficient Krebs solution or 10-7 M nifedipine did not block the peri stalsis, although the two treatments immediately block ed the peristalsis when employed serosally (Fig. 3) . Fig. 3 . Effects of serosal and luminal application of Ca 2 -1--free solution (A) and 10-7 M nifedipine (B) on the peristalsis. In A, the lumen of the ileum was perfused at the filled arrow with nominally Ca 2+free Krebs solution, which was made by adding 3 mM EGTA to the Krebs solution, and then, the serosal side was also treated with the Cat±free solution starting at the open arrow. In B, the ileum was treated intraluminally and subsequently sero sally with 10-7 M nifedipine. (TMS, 100 square pulses of 0.2-msec duration delivered at 10 Hz) was applied to the ileum with a pair of platinum wires placed along the sides of the ileum. When this stimulus was applied , the loading pressure was reduced to zero, which failed to induce the peristalsis as described in the text, and the recording speed was increased (the dashed lines show the period of fast recording speed). After determining the control contraction, peristalsis was blocked by serosal application of 3 X 10-7 M tetrodotoxin (A) or by intraluminal 0.1% glutaraldehyde (B), and then the same stimuli were applied to the iluem to examine the inhibitory effects of the intraluminal treatments on the myenteric plexus in the mus cle layers.
Effects of intraluminal treatments on the neurogenic lon gitudinal muscle contractions
The following experiments were done to investigate if the blockade of peristalsis by the three intraluminal treatments, glutaraldehyde, tetrodotoxin or low NaCI Krebs solution, was due to impairment of the neural activity in the myenteric plexus. This was determined by assessing the magnitudes of longitudinal muscle con tractions, before and after the treatments, elicited by electrical stimulation (100 pulses of 0.2-msec duration delivered at 10 Hz) or 10-4 M nicotine. Figure 4 illus trates the experimental protocol for the contractions induced by the transmural stimulation. When the contraction-inducing stimulus was applied, the loading pressure onto the lumen was reduced below zero, which caused the intraluminal perfusate to flow freely without inducing the peristalsis. After the control response in duced by transmural stimulation was determined, peri stalsis was blocked by serosal 3 X 10-7 M tetrodotoxin (Fig. 4A) or intraluminal 0.1% glutaraldehyde (Fig.  4B) , and then the same stimulus was applied. As shown in Fig. 4A , after the blockade of peristalsis by serosal tetrodotoxin, transmural electrical stimulation did not produce any substantial contraction, indicating that the contraction induced by this stimulus was neurogenic. In contrast, a significant portion of the contraction re mained after the blockade of peristalsis by intraluminal treatment with 0.1% glutaraldehyde. Table 1 summarizes the magnitudes of the longitudi nal muscle contractions after the blockade of peristalsis by the serosal tetrodotoxin and the three intraluminal treatments, expressed as a % of that before the treat ments. Since the contractions induced by transmural stim ulation and nicotine were almost abolished or greatly reduced by 3 X 10-7 M tetrodotoxin applied to the serosal side (Table 1) , respectively, these contractions were mainly neurogenic in nature. After the intralumi nal treatment with 0.1% glutaraldehyde, the electrical stimulation-induced contractions was significantly re duced, but there still remained considerable contrac tions, 61.7 ± 3.8% of that before the treatment. Nicotine-induced contractions were completely retained in the glutaraldehyde-treated ileums.
In contrast, intraluminal application of 3 X 10-7 M tetrodotoxin strongly inhibited the neurogenic contrac tions induced by either transmural stimulation or nico tine. The extents of inhibition by intraluminal tetrodo toxin in these two contractions were as great as those produced by serosal application of tetrodotoxin (Table  1) .
Like glutaraldehyde, the treatment with low NaCl Krebs solution did not substantially inhibit the neurogenic contraction induced by either stimulus. The magnitudes of contractions were not different between before and after the treatment with low NaCI Krebs solution (Table 1) . characteristics similar to those reported in previous stud ies (4) . Serosal application of tetrodotoxin or lidocaine immediately blocked the peristalsis, indicating that the peristalsis is neurally regulated by the myenteric plexus. Blockade of peristalsis by prolonged application of nicotine may be due to the desensitization of nicotinic receptors, resulting in failure of nicotinic transmission in the myenteric plexus. As is well-known (4), peristal sis is also blocked by morphine, which could be ascribed to the inhibition of the release of both acetyl choline and substance P from nerve terminals (9, 10). These results assure that the method used in the pres ent study was appropriate for inducing peristalsis.
Although the premise that distention of the intestinal wall triggers the peristalsis (4) presumes the presence of stretch receptors in the ileal wall, the site of stretch re ceptors has not yet been settled. In 1959, based on the results that peristalsis was almost abolished after re moval of the mucosa and muscularis mucosa, Biilbring et al. (11) suggested that the stretch receptors were pres ent in the mucosal layer. Following this study, Diament et al. (12) reported histological data indicating that stretch receptors should be located in the deep layer of the mucosa, close to the muscularis mucosa, if they were present in the mucosal layer. On the other hand, Costa and Furness (13) showed that the ascending ex citatory and descending inhibitory reflex was not dimin ished after the removal of the mucosa and submucosa, indicating that stretch receptors were in the myenteric plexus. In line with this, Tsuji and Yokoyama (14) and Tsuji et al. (15) have recently demonstrated the de velopment of peristalsis in the mucosa and muscularis mucosa-deprived guinea pig ileum, although the peri staltic activity such as ejection pressure and propagating velocity was much reduced in these preparations.
The present results that peristalsis was blocked by the chemical treatments employed on the mucosal surface may be interpreted, except for intraluminal tetrodotox in, as implying that the stretch receptors are located in the mucosal layer. Abolishment of peristalsis by the in traluminal tetrodotoxin can be ascribed to the inhibition of neural function of the myenteric plexus for the fol lowing two reasons: First, intraluminal tetrodotoxin re quired a longer time than serosal tetrodotoxin to block the peristalsis, indicating that the longer time was necessary for intraluminal tetrodotoxin to infiltrate into the ileal wall from the mucosal side and reach the myenteric plexus in the muscle layer. Secondly, intralu minal tetrodotoxin inhibited the neurogenic longitudinal muscle contractions by the same extent as that by sero sally applied tetrodotoxin.
In contrast to intraluminal tetrodotoxin, the intra luminal treatments with glutaraldehyde or low NaCI ported that excitatory effects of intraluminally applied 5-hydroxytryptamine on the reflex contractions of canine jejunum were not inhibited by the intraluminal treatment with 0.2% cocaine (approximately 6 mM). Conceivably, neural cells in the mucosa should be less sensitive to local anesthetics than the ordinary neurons. This assumption appears to be consistent with the slow effects of intraluminal tetrodotoxin. If the properties of neural cells in the mucosa were similar to those of ordinary neurons, intraluminal tetrodotoxin could have blocked the peristalsis more rapidly by inhibiting the action potential in these cells. In any event, electrophysio logical study of the neural conduction in the mucosa re mains to be done to clarify the mechanisms of actions of intraluminally applied drugs. The foregoing discussion may exclude the inhibition of action potential development as a cause of the block ade of peristalsis by low NaCI treatment. Other than action potential, possible involvement of NaCI in the ionic mechanisms is in the development of a generator potential in the stretch receptors. In the crustacean stretch receptor neuron and mammalian pacinian cor puscle, development of the generator potential which was dependent on external NaCl has been demon strated in response to the stimuli (17) (18) (19) . In these sen sory receptors, tetrodotoxin did not inhibit the gener ator potential, although it abolished the action potential (19) . Based on the above-mentioned assumption that tetrodotoxin did not inhibit the action potential in the stretch receptors in the mucosa, we surmise at present that low NaCI treatment inhibited the generator poten tial development in the stretch receprors, thereby caus ing the cessation of peristalsis.
In conclusion, the present study has demonstrated that in the guinea pig ileum, peristalsis was blocked not only by inhibiting the neural activity of the myenteric plexus but also by impairing the mucosa-associated function. The blockade of peristalsis by the treatments on the mucosa may imply that stretch receptors detect ing the distention of the ileal wall are located in the mucosal layer.
